Flavin-containing monooxygenase (FMO) oxygenates drugs/xenobiotics containing a soft nucleophile through a C4a hydroperoxy-FAD intermediate. Human FMOs 1, 2 and 3, expressed in Sf9 insect microsomes, released 30-50% of O 2 consumed as H 2 O 2 upon addition of NADPH. Addition of substrate had little effect on H 2 O 2 production. Two common FMO2 (the major isoform in the lung) genetic polymorphisms, S195L and N413K, were examined for generation of H 2 O 2 . FMO2 S195L exhibited higher "leakage", producing much greater amounts of H 2 O 2 , than ancestral FMO2 (FMO2.1) or the N413K variant. S195L was distinct in that H 2 O 2 generation was much higher in the absence of substrate. Addition of superoxide dismutase did not impact H 2 O 2 release. Catalase did not reduce levels of H 2 O 2 with either FMO2.1 or FMO3 but inhibited H 2 O 2 generated by FMO2 allelic variants N413K and S195L. These data are consistent with FMO molecular models. S195L resides in the GxGxSG/A NADP + binding motif, in which serine is highly conserved (76/89 known FMOs). We hypothesize that FMO, especially allelic variants such as FMO2 S195L, may enhance the toxicity of xenobiotics such as thioureas/thiocarbamides both by generation of sulfenic and sulfinic acid metabolites and enhanced release of reactive oxygen species (ROS) in the form of H 2 O 2 .
Introduction
Mammalian microsomal flavin-containing monooxygenase (FMO) is a superfamily of xenobiotic metabolizing enzymes with a single member in each family. Humans express five forms of FMO in a developmental-and tissue-specific manner (reviewed in [1, 2] ). FMO1 is the major form in fetal liver as well as adult kidney and intestine [3, 4] . FMO2 is found primarily in the lung of most mammals including primates but humans have an interesting genetic polymorphism in expression such that all Caucasians and Asians sequenced to date carry a C to T transition mutation (FMO2*2) which results in a premature stop codon (TAG) and synthesis of a truncated and inactive enzyme (FMO2.2) [5] . Individuals of African (up to 49%) or Hispanic (2-7%) descent possess at least one allele (FMO2*1) of the ancestral gene coding for full length active enzyme (FMO2.1) [6] [7] [8] [9] [10] . FMO3 is present in adult liver; parturition provides some unknown signal that suppresses FMO1 expression and switches on the synthesis of FMO3 [11] . FMO3 is the enzyme responsible for metabolism of trimethylamine to trimethylamine N-oxide [12] . The genetic disease trimethylaminuria (TMAU, colloquially termed "fish odor syndrome") is due to a number of known mutations in the FMO3 gene [13] [14] [15] [16] . An individual suffering from TMAU excretes large amounts of trimethylamine in urine and sweat resulting in an unpleasant body odor. TMAU patients also exhibit socio-psychological problems as well as altered metabolism of drugs [17] [18] [19] . The developmental expression of FMO3 following birth is sometimes delayed causing what is known as "transient TMAU" in infants [11] .
FMO utilizes NADPH in the presence of O 2 to form a stable 4a-hydroperoxy-FAD (FAD-OOH) intermediate [20, 21] . Any xenobiotic containing a soft-nucleophile that can gain access to this site reacts with the peroxyflavin (Figure 1 ). One atom of O 2 is incorporated into the substrate whereas the other atom forms H 2 O (reviewed in 2, 22, 23] . Previous studies by other laboratories have observed "uncoupling" of this enzyme to yield either superoxide anion radical [24] or H 2 O 2 [25] . Release of superoxide anion radical with purified pig liver FMO1 was a relatively minor percent of NADPH consumption [24] . Formation of H 2 O 2 was observed with pulmonary FMO2 and reached 41% of NADPH oxidized by rabbit FMO2 upon addition of primary amines; but was not observed with hepatic FMO1 sources [25] .
The relatively low K m s for both NADPH and O 2 and the stability of the FAD-OOH raises an interesting question. If this is the major state of the enzyme present in the cell, in the absence of substrate, does the FAD-OOH release reactive oxygen species (ROS)? We, and others, have documented that there are some endogenous substrates for FMO (e.g., TMA, cysteamine, lipoic acid and methionine, reviewed in [2] ) but characterization shows the K m s (with the exception of TMA) tend to be high compared to concentrations in the cell. Our laboratory has expressed in Sf9 insect cells (baculovirus) the three major FMOs involved in drug metabolism, FMO1, FMO2.1 and FMO3 in addition to two common allelic variants of human FMO2 [26] . In order to assess the degree of ROS production by mammalian FMOs, the impact of xenobiotic substrates and potential relative differences among human isoforms, as well as some known human FMO2 allelic variants, we utilized a dual electrode system to simultaneously monitor O 2 consumption and H 2 O 2 production with FMOs expressed in Sf9 insect microsomes. In addition, H 2 O 2 production was assessed with Amplex Red [27] and the impact of substrate, catalase and superoxide dismutase examined.
As with any electron transport system, efficiency is rarely 100%. Within the cell, the mitochondrial electron transport chain is responsible for much of this ROS leakage but monooxygenases, such as cytochromes P450 (CYPs) [27] and now FMOs are known to contribute to the total ROS load within the cell. In addition to the potential toxicity from oxidative stress, the fact that H 2 O 2 is becoming increasingly recognized as a signaling molecule, makes understanding of the cellular location and amplitude of H 2 O 2 production important [28] .
Materials and Methods

Chemicals
Ethylene thiourea (ETU) was from Lancaster Synthesis (Pelham, NJ). Ethionamide, methylp-tolyl sulfide, NADPH, NADP + , glucose-6-phosphate dehydrogenase, glucose-6phosphate, potassium phosphate, sodium phosphate, glycerol, EDTA, cytochrome c, superoxide dismutase, and catalase were purchased from Sigma Chemical (St. Louis, MO). Protease Inhibitor Cocktail Set III was from Calbiochem (Billerica, MA). Coomassie Plus reagent was purchased from Thermo Fisher Scientific Corp. (Rockford, IL). The Amplex Red assay kit and all reagents used in expression of FMO proteins were obtained from Invitrogen Life Technologies Corp. (Grand Island, NY). Rat CYP3A2 supersomes were purchased from BD Biosciences (Franklin Lakes, NJ).
Expression of human FMO1, ancestral FMO2.1, FMO3 and FMO2 allelic variants (S195L and N413K)
A baculovirus system was utilized to express hFMO1, ancestral hFMO2.1, hFMO3 and the S195L and N413K allelic variants of hFMO2. The generation of these expressed enzymes has been described previously [26, 29] . The Sf9 insect cells were harvested 96 hours post infection and microsomes isolated by ultra-centrifugation [30] . Microsomal protein was resuspended in buffer (10 mM KPO 4 , pH 7.25, 20% glycerol, 1 mM EDTA, 1 μl/ml protease inhibitor cocktail). Protein concentration was quantitated by the Bradford [31] based Coomassie Plus Reagent. Flavin content was determined by an HPLC assay of FAD [32] . The specific content of the expressed flavoproteins varied from 0.99 to 1.58 nmol (average=1.18 ± 0.24) FAD/mg microsomal protein, corresponding to 0.91-1.5 nmol FMO/mg microsomal protein (corrected by subtraction of constitutive FAD specific content in Sf9 microsmes).
H 2 O 2 production and O 2 consumption
An Apollo 4000 Free Radical Analyzer (World Precision Instruments, Sarasota, FL) was equipped with an ISO-HPO-2 hydrogen peroxide electrode (World Precision Instruments) and an MI-730 oxygen microelectrode (Microelectrodes, Inc., Bedford, NH) to simultaneously measure H 2 O 2 production and O 2 consumption in a closed 3 ml incubation chamber connected to a circulating water bath, to maintain 37°C. The H 2 O 2 electrode was calibrated using fresh H 2 O 2 standard solutions ranging from 0-32 μM while the O 2 electrode was calibrated by saturating buffer with N 2 gas (0% O 2 ), air (21% O 2 ), and O 2 gas (100%) all at 37°C. The formula for conversion of %O 2 to molarity was S = (a/22.414)(760p/760)(r%/100) where S = solubility of gas in molar concentration, a denotes the absorption coefficient of gas at 37°C, p is the vapor pressure of water at 37°C, and r% represents analyzer output in percent O 2 . Calibrations were done immediately before and after incubations to verify electrode stability. Expressed FMO protein (100 pmol FAD) was added to 100 mM PBS, pH 7.4, 1 mM EDTA, 1 mM NADPH or a regenerating system of 1 mM NADP + , 10 U glucose-6-phosphate dehydrogenase, 2.5 mM glucose-6-phosphate) and incubated 3-5 minutes open to the atmosphere at 37°C in a 3 ml sample port connected to a recirculating water bath (World Precision Instruments). The sample port was sealed and assays were performed in the presence of known FMO substrates (50 or 100 μM ETU, 50 μM trifluoperazine, 100 μM methyl-p-tolyl sulfide or 75 μM ethionamide) or in the absence of substrate, during which time O 2 consumption and H 2 O 2 were measured for up to 60 min. Assays were performed at pH 7.4 to demonstrate biological relevance (mammalian FMOs typically have pH optima from 8.5-9.5). We have expressed the truncated FMO2 Q472X (FMO 2*2A) protein in Sf9 insect cells. FAD concentration in these microsomes average 0.14 ± 0.06 nmol/mg protein and is similar to FAD in the Sf9 expressed FMO2 d337G variant which also lacks FAD binding resulting in an estimated 0.15 ± 0.05 nmol FAD/mg protein. Thus we assumed the Q472X variant would not produce appreciable amounts of H 2 O 2 when incubated with NADPH and/or substrates and did not include it in this study. In order to determine background H 2 O 2 production in Sf9 microsomes, we measured FAD in control Sf9 supersomes from BD Biosciences (San Jose, CA). FAD concentrations in this product measured 0.30 nmol/mg protein. Using the control with the higher FAD concentration, control Sf9 microsomes were compared to expressed FMOs and CYP3A2 supersomes from BD Biosciences (San Jose, CA).
The Amplex Red assay [33] was used to validate H 2 O 2 production in the microsomal incubations. Incubations contained the same reagents as previously described but were done in tissue culture tubes set in a 37°C shaking water bath protected from light for 30 minutes. Samples and standards were analyzed in triplicate in 96 well plates (50 μl/well). A working solution of 100 μM Amplex Red reagent (0.1 mM N-acetyl-3,7-dihydroxyphenoxazine, 0.2 U/ml horseradish peroxidase, 50 mM sodium phosphate pH 7.4) was added to each well, incubated 20 minutes at room temperature, and the fluorescence measured with a Spectra Max Gemini XS plate reader (Molecular Devices Corp., Sunnyvale, CA) set at 530 nm excitation, 590 nm emission, 590 cut-off. Incubations were also performed with addition of catalase (1175 U/ml incubation), superoxide dismutase (0.2 μM) or cytochrome c (100 μM). All data in this study are representative of single assays therefore statistics were not carried out.
Results
Utilization of the Apollo 4000 Radical Ion Analyzer allowed for the simultaneous determination of O 2 consumption and H 2 O 2 generation by employing dual electrodes. There was little or no O 2 consumption in the absence of enzyme and no H 2 O 2 above background (data not shown) prior to the addition of NADPH. Upon addition of NADPH, both O 2 consumption and H 2 O 2 production were observed over time. We measured and compared the H 2 O 2 "leakage" in microsomes containing expressed human FMO1, ancestral FMO2.1 or FMO3. In the presence of ethylene thiourea (ETU, a substrate for all three FMOs) FMO1 produced the highest amounts of H 2 O 2 whereas FMO2.1 and FMO3 were roughly equivalent ( Figure 2A ). With FMO2.1 the rate of H 2 O 2 production and O 2 consumption was markedly lower in the absence of substrate. This was also the case for FMO1 (data not shown). Upon addition of substrate, FMO1 produced H 2 O 2 at a fairly constant rate (40-50% of O 2 consumption, Figure 2B ) over the 60 minute time course of the incubation. Following an initial spike upon addition of ETU, the percentage of O 2 consumed appearing as H 2 O 2 was relatively constant (about 30%) for FMO2.1 and FMO3 with time ( Figure 2B) . The time-dependent generation of H 2 O 2 by human FMOs determined with the Apollo instrument was compared to the assay employing Amplex Red. The results are in general agreement and the generation of H 2 O 2 is 0.5-2.5 nmol/min/nmol FMO at pH 7.4 ( Figure 3 ).
We further examined the impact of substrate on ancestral FMO2.1 and a commonly expressed variant (FMO2 N413K, rs2020865). Previous studies with expressed FMO2 N413K had shown similar physiochemical responses compared to the ancestral FMO2.1 including pH optima, thermolability and response to detergent and MgCl 2 [26] . One notable distinction was that N413K exhibited higher catalytic activity toward methyl-p-tolyl sulfide (MTS) [26] . Amplex Red was used to compare H 2 O 2 generation in the two FMO2 variants versus FMOs 1, 2.1, and 3. The anti-tuberculosis prodrug ethionamide was used as a substrate [29, 34, 35] and the reactions were performed with and without the addition of catalase (FMO3 was not measured without substrate). Somewhat surprisingly, the addition of catalase to incubations containing ancestral FMO2.1 or FMO3 had no impact on H 2 O 2 detection by Amplex Red in the presence or absence of substrate ( Figure 5 ). Catalase did markedly inhibit H 2 O 2 production with both allelic variants ( Figure 5 ). The results with FMO2 S195L are striking in that H 2 O 2 production was considerably higher (up to 50 nmol/min/nmol FMO2 S195L) than with FMO2.1. In this study S-oxygenation at pH 7.4 is markedly slower with S195L than the ancestral enzyme, however our previous study demonstrated S-oxygenation rates by this variant were markedly pH-and substrate-dependent [26] . As with FMO2.1, the addition of catalase to incubations containing FMO3 did not reduce the yield of H 2 O 2 ( Figure 5 ).
The FMO2 S195L variant also appeared to differ from the N413K variant and the ancestral enzyme in that, with ETU or MTS as substrates, H 2 O 2 production was markedly reduced compared to the absence of substrate ( Figure 6A ). Note the marked difference in the rate of H 2 O 2 production in the absence of substrate with S195L compared to FMO2.1 (wild type). The "leakage" of H 2 O 2 in the absence of substrate by S195L was enhanced in the presence of 0.2 μM SOD ( Figure 6B ). This stimulation was not seen in the presence of 50 μM ETU.
In the presence of 1 mM glutathione, and in the absence of substrate, the rate of formation of H 2 O 2 was markedly suppressed and did not continue to increase after 15 minutes of incubation ( Figure 6B ).
As a comparison to the other major electron transport monooxygenase system in the endoplasmic reticulum, cytochrome P450 (CYP), we incubated rat CYP3A2 with benzphetamine and saw little H 2 O 2 production (Figure 7) . Figure 8 compares the rate of H 2 O 2 production (with no substrate) in Sf9 microsomes expressing rat CYP3A2, hFMO1, hFMO2.1 and hFMO3. Variability in expressed microsomes was checked by measuring H 2 O 2 generated in two separate batches of FMO2.1, N413K, and S195L using the Apollo 4000 Radical Ion Analyzer (Figure 9 ).
Discussion
The catalytic cycle of mammalian FMO is characterized by the formation, following reduction of FAD and reaction with O 2 , of a relatively stable C4a-hydroperoxide. In fact, this form of the enzyme is thought to predominant in the cell [36, 37] . There is no substrate binding per se but rather a monooxygenase reaction occurs if a soft nucleophile (often a nitrogen-or sulfur-containing compound) gains sufficient proximity to this active site. Previous studies have documented that size and charge play a major role in such access and that some FMOs (e.g. FMO1) have a larger, wider substrate access channel than other FMOs (e.g. FMO2.1) [38, 39] .
Researchers studying the mammalian FMOs have long been interested in the potential for generation of reactive oxygen intermediates during the catalytic cycle. There are a number of classes of flavoproteins that are capable of forming the FAD peroxyflavin intermediate although it is only with the monooxygenases that the intermediate is long-lived enough to be observed by spectroscopy [40] . Early work with microsomal preparations indicated that the stoichiometry between NADPH oxidation, O 2 consumption and product formation was near unity thus making it unlikely that there was a significant amount of "uncoupling" of the enzyme with production of H 2 O 2 [41] . It was later determined using microsomes from various species that the lung FMO (FMO2), which is distinct in N-oxygenation of primary alkyl amines, forms H 2 O 2 in significant amounts during metabolism of substrates such as noctylamine (41% of NADPH oxidation) [25] . Rauckman et al. [24] , had observed that porcine FMO1 formed a small amount of superoxide anion radical during oxidation of certain hydroxylamines.
The acquisition of human FMOs over-expressed by baculovirus in insect Sf9 microsomes allowed us to study, for the first time, the formation of H 2 O 2 in the three major drugmetabolizing FMO families in humans (FMO1 in fetal liver, adult kidney and intestine; FMO2.1 in lung; FMO3 in adult liver) and the impact of substrates. In addition we were able to assess the impact of two common SNPs (the N413K and S195L allelic variants) in the human FMO2 gene. The use of the Apollo 4000 Radical Ion Analyzer allowed for the simultaneous measurement of O 2 consumption and H 2 O 2 production.
We had expected to observe higher rates of O 2 consumption and H 2 O 2 production in the absence of substrate. In the catalytic cycle of mammalian FMO (Figure 1) , FAD is rapidly reduced by NADPH and the C4a hydroperoxide produced upon introduction of O 2 . This hydroperoxy-flavin intermediate is relatively stable and can be observed spectrally with the mammalian enzyme [21] and with prokaryotic flavin-containing monooxygenases such as Methylophaga sp. Strain SK1 (meFMO, [37] ). If a soft-nucleophile comes within close enough proximity to this intermediate there is a nucleophilic attack and oxygenation (reviewed in [42] [43] [44] ). One atom of the hydroperoxy-flavin is used in this oxygenation and the other comes off as H 2 O following the breakdown of the hydroxy-flavin pseudo base. The regeneration of oxidized FAD and release of NADP + are the rate-limiting steps in the catalytic cycle (Figure 1 ). The rate of H 2 O 2 generation (NADPH oxidase) with meFMO was estimated at 3.6 min −1 [37] . Our original hypothesis was that we would observe a slow rate of H 2 O 2 uncoupling during the catalytic cycle and a more pronounced "leakage" in the absence of substrate. Instead we found that, for FMO1, FMO2 and FMO3, the yield of H 2 O 2 was higher in the presence of substrate indicating a significant amount of uncoupling during FMO catalysis. The percentage of O 2 consumed that appeared as H 2 O 2 varied between 30-50% at a rate of about 0.5-2.5 nmol/min/nmol FMO. The data obtained with the ISO-HPO-2 H 2 O 2 electrode and the Amplex Red assay were in good agreement.
There is an interesting genetic polymorphism affecting expression of FMO2 in humans. In most other mammals, including non-human primates, FMO2 is the major or only FMO expressed in lung (also found in appreciable amounts in nasal tissue, heart and brain) (reviewed in [2] ). All Caucasians and Asians genotyped to date have a C to T transition mutation (rs6661174, FMO2*2) resulting in a truncated (Q472X) inactive enzyme (FMO2.2). Individuals of African descent (up to 49%) and Hispanics (2-7%) have at least one ancestral FMO2*1 allele coding for full-length active enzyme FMO2.1 [5, [7] [8] [9] [10] . Two other major FMO2 SNPs include N413K and S195L [26, 45] . These allelic variants were also expressed with baculovirus and tested for "leakage" and substrate-dependent uncoupling of H 2 O 2 . Previous studies with expressed FMO2 N413K had shown similar physiochemical responses compared to the wild type FMO2 including pH optima, thermolability and response to detergent and MgCl 2 [26] . One notable distinction was that N413K exhibited higher catalytic activity toward methyl-p-tolyl sulfide (MTS) [26] . In contrast, S195L exhibited markedly different properties compared to ancestral FMO2.1 including pH optima, thermo lability, sensitivity to detergent, and catalytic activity [26] . It was not surprising to find in this study S195L was also different, including a high rate of "leakage" of H 2 O 2 in absence of substrate (an order of magnitude faster than FMO2.1). Serine at position 195 in FMOs is highly conserved (76/89, with 12 having the relatively conservative replacement of threonine [26, 36] . The one notable exception is primate FMO1 which expresses a proline at position 195. Serine 195 is within the NADP + binding motif (GxGxSG/A). Release of NADP + is the rate-limiting step in the catalytic cycle and NADP + is known to stabilize the enzyme. Analysis of the crystal structure of the prokaryotic meFMO suggests that NADP + binding promotes stabilization of the peroxyflavin [37] . Leucine substitution is predicted to disrupt these interactions with NADP + that, together with the loss of other critical interactions that serine has with key amino acid residues, would make C4a-hydroperoxy flavin prone to solvent attack and an increase in NADPH oxidase activity [26] . Thus disruption of NADP + binding efficacy with replacement of a polar OH group with a hydrophobic side chain (leucine) may explain the high degree of H 2 O 2 production seen with S195L. The FMO2 S195L (rs2020862) variant is found at a fairly high allelic frequency (30 to 55%) across a number of ethnic groups, but is only expected to be relevant among the subset of individuals with the ancestral FMO2*1 allele, or as pointed out previously [26] , in individuals with the FMO2*2 allele on therapies employing stop codon read-through drugs like PTC124 (Atalauren, PTC Therapeutics, Plainfield, NJ). Phase 3 clinical trials with PTC124 are ongoing for both cystic fibrosis and Duchenne/Becker muscular dystrophy. These results could indicate that individuals expressing this SNP could have substantially higher formation of ROS in sensitive target tissues such as lung, heart and brain.
It has been estimated that uncoupling of the CYP monooxygenase electron transport chain (overexpressed CYP plus NADPH CYP oxidoreductase or NOR) produces approximately 12.7 nmol H 2 O 2 /min/nmol CYP [27] . Given the estimate of 0.5-2.5 nmol H 2 O 2 /min/nmol (pH 7.4, higher at the pH optima of 8.5-9) with FMO1, FMO2 and FMO3, the major drug metabolizing FMOs, this monooxygenase may be a secondary contributor to microsomal generation of ROS. However, given that we have demonstrated that a common allelic variant such as FMO2 S195L can generate H 2 O 2 at rates of up to 80 nmol/min/nmol FMO ( Figure 6B ), the contribution of FMOs toward ROS generation cannot be discounted especially when one considers the fact that with the CYP monooxygenase system substrate binding is required for any electron transport (and thus ROS production) to occur whereas FMO does not require substrate to form the FAD hydroperoxide and generate H 2 O 2 . The overall contribution to the redox state of the cell is unknown; it is likely that, even though the mitochondrial electron transport chain is much more highly coupled (in the absence of mitochondrial poisons, aging or disease) these organelles probably represent the greatest source of ROS production in the average cell. However, ROS generation in the endoplasmic reticulum may result in toxicities not observed from mitochondrial ROS production. Finally, we would like to point out that, to our knowledge, this is the first study demonstrating a marked difference in ROS leakage from a common allelic variant of a mammalian monooxygenase. A. The yield of H 2 O 2 with FMO2 S195L over a 20 minute incubation (pH 7.4, 37°C) was determined with the Apollo 4000 H 2 O 2 electrode in the absence (squares) or presence of 100 μM ETU (circles) or 100 μM MTS (diamonds). The results were compared to H 2 O 2 production by ancestral FMO2.1 in the absence of substrate (triangles). The assay was performed with 0.1 mM NADP + and an NADPH-generating system as described in Materials and Methods. B. The yield of H 2 O 2 by the FMO2 S195L allelic variant measured with an Apollo electrode over a 20 minute incubation with 1 mM NADPH (pH 7.4, 37°C and no NADPH-generating system). The greatest rate of H 2 O 2 production was seen in the absence of substrate and with 0. Comparison of H 2 O 2 generated in two separate batches of Sf9 expressed microsomes using the Apollo 4000 Radical Ion Analyzer, FMO2.1 (squares) and N413K variant (triangles), incubated with ETU (50 μM) at pH 7.4, 37°C and S195L variant (circles) with no substrate at pH 7.4, 37°C (inset).
